Abstract-We report on the full control of the optical radiation pressure at fixed photon flux and incident angle by the photon spin. This is done by using transparent chiral liquid crystal droplets that enable a strong coupling between linear and angular degrees of freedom of a light field. From these results, we anticipate optical sorting of particles with different chirality as well as novel optical trapping and micromanipulation strategies.
I. INTRODUCTION
Optical radiation forces are the mechanical manifestation of the transfer of the linear momentum of light to matter, which basically occurs when light is reflected, refracted, scattered or absorbed in the course of its propagation [1] . In particular, the discontinuity of the dielectric permittivity at the interface between two transparent, homogeneous and dielectric media leads to optical radiation pressure that enables the displacement of solids [2] or the deformation of fluid interfaces [3] . Here we report on the full control of the optical radiation pressure at fixed photon flux and incident angle by the photon spin. This is done by using transparent chiral liquid crystal droplets that enable a strong coupling between linear and angular degrees of freedom of light.
Chirality refers to the lack of mirror symmetry. A system whose mirror images cannot be superimposed by rotations and translations in space is said to be chiral. A basic example is our two hands, just like the Greek etymology ('kheir') recalls. Quite naturally, two mirror images of a chiral entity are referred to as right-and left-handed versions of it. This concept holds for light as well, whose polarization handedness is said to be right or left depending on the sense of rotation of the electric field. Under appropriate conditions, the propagation of one of the two circular polarization states through a chiral optically anisotropic material may even be forbidden for a welldefined range of frequencies. An helical arrangement of the optical axis indeed combines dielectric periodic structuration, which leads to a Bragg photonic bandgap, with chirality, which brings circular polarization sensitivity. A famous example is the circular Bragg reflection phenomenon in cholesteric liquid crystals [4] , which we use here to experimentally demonstrate how mechanical effects driven by the radiation pressure of light can be fully controlled by the spin of photons. The principle of our experiment is sketched in Fig. 1 . 
II. CHOLESTERIC BRAGG REFLECTOR
The cholesteric mesophase appears when nematic liquid crystals [5] , [6] , are mixed with certain chiral organic dopants. As a result, the director n (a unit vector that defines the local averaged molecular orientation) twists in a well-defined direction with a helical pitch p that is the distance over which n rotates by 2π, see upper sketch in Fig. 2(a) . A planar cholesteric film having its helical axis along the normal to the film behaves as a perfect mirror for a normally incident collimated light beam with wavelength inside the polarization photonic bandgap centered on λ B , λ − < λ 0 < λ + , see Fig. 2 (a), and Bragg circular polarization state referred to as 978-1-4799-0018-3/13/$31.00 ©2013 IEEE σ B . In contrast, the orthogonally polarized beam, referred to as anti-Bragg and labeled σ AB , is transmitted through the film up to Fresnel reflection. At fixed incident wavelength λ 0 , circular Bragg reflection thus occurs over a range of incidence angle around the normal incidence. This angular range for the external incidence angle is labeled 2θ B,ext , as illustrated in Fig.1(b) in the case of a cholesteric droplet. That is to say, one can consider that total reflection occurs for σ B polarization state when the external incidence angle satisfies θ ext < θ B,ext = arcsin[(n/n ext ) sin θ B ]. In the latter expression, n = (n + n ⊥ )/2 is the average refractive indices of the cholesteric with n ,⊥ the refractive index parallel and perpendicular to n , n ext (n ext < n in this work) is the refractive index of the medium in which the cholesteric is immersed. In addition, accounting from λ B = np and λ + − λ − = p(n − n ⊥ ), one can show that θ B = arccos(λ 0 /λ + ), at least in the limit of small θ B . A spherical cholesteric droplet with radial distribution of the helical axis, as sketched in Fig. 2(b) , can therefore be considered as a spherical Bragg mirror with total reflection cross-section area normalized to the geometrical cross-section area being equal to sin 2 θ B,ext for σ B -polarized light and to zero for σ AB -polarized light. This allows considering vivid experimental demonstration of spindependent optical radiation pressure by using free-floating droplets, as sketched in Fig. 1 .
In our experiments, the cholesteric is right-handed with pitch p = 347 nm and n ≈ 1.6 at 589.3 nm wavelength and temperature 20
• C. From the transmission spectrum of a uniformly aligned film shown in Fig. 2(a) , we measure the intrinsic Bragg angle θ B = 25.1
• at λ 0 = 532 nm. This is verified in situ for cholesteric droplets dispersed in glycerol, which ensures parallel anchoring of the director at cholestericglycerol interface, hence a radial distribution of the helical axis for p R where R is the droplet radius. For this purpose, we measure the radius R B of the total reflection cross-section area under σ B -polarized light at 532 nm, as a function of R, see Fig. 2(b) . Since R B = R sin θ B,ext , we obtain θ B = 25.8
• from the best linear fit, in good agreement with the spectroscopic characterization.
III. RESULTS AND DISCUSSION
In the first set of experiments we follow the sketch shown in Fig. 1(a) and use spherical radial cholesteric droplets prepared by mechanical stirring at room temperature of a small amount of cholesteric into an isodensity 25.2 wt.% aqueous glycerol solution whose refractive index is 1.365 at 589.3 nm wavelength at 20
• C and dynamic viscosity η = 2 mPa s. This choice indeed eases observation of on-axis light-induced droplet displacement. Typical results are summarized in Fig. 3 . Without laser illumination, the droplet is at rest. When the laser is turned on, the droplet almost immediately moves along the beam propagation direction with constant velocity. Partial control of the light-induced motion is obtained by setting the photon spin. The Bragg droplet velocity, v B , is indeed a few times larger than the anti-Bragg one, v AB . Noteworthy, the radial structure of the droplet is unaltered during its A characteristic radial defect is observed in the former case, see white arrow in Fig. 3(b) , whereas the unchanged dark cross pattern indicates radially symmetric optical anisotropy in the latter case. Such partial spin-controlled optomechanical effect in the one-beam experiment is actually explained by considering unavoidable axisymmetric angular redistribution of the optical linear momentum flux away from the propagation direction as the incident beam is refracted by the droplet, thereby leading to a net force directed along the z axis. This interpretation is quantitatively tested by measuring the ratio v AB /v B for various R, see square symbols in Fig. 4 , and comparing it to the theoretical value predicted by our model described in [7] . According to the model, the velocity ratio equals
cos θout+R(θ) cos 2θ 1+2R(θ) cos 2θint+R 2 (θ) , where R and T = 1 − R are the reflectance and transmittance of the droplet interface. As shown in Fig. 4 , we find the experimental value v AB /v B = 0.38 ± 0.075. From the model, by using θ B,ext as the only adjustable parameter, we obtain an effective Bragg angle θ B = 15.3
This value is smaller than the ones measured from spectroscopic [ Fig. 1(a) ] and direct imaging [ Fig. 1(b) ] measurements. However, this is actually expected recalling that our model assumes perfect Bragg reflection over the effective Bragg angular bandgap. We thus conclude to a fair description of our observations, thereby validating that (i) the physical picture is properly grasped and (ii) the scattering of light by the droplet prevents full control of the optical radiation pressure by the photon spin. In the second set of experiments we overcome the abovementioned fundamental limitation by using two coaxial, collimated, circularly polarized and counterpropagating beams with equal powers and waists, one being either σ B -or σ ABpolarized while the other is σ AB -polarized. When both beams are σ AB -polarized, the individual contributions of the two beams to the total optical scattering force indeed perfectly cancel each other. A nonzero net force is exerted on the droplet otherwise. That is to say, v AB+AB = 0 and v B+AB = 0 are expected, the former case being confirmed experimentally whatever the droplet radius, see diamond symbols in Fig. 4 . We measure v AB+AB /v B+AB = −0.0083 ± 0.055, hence achieving full control of the optical radiation pressure exerted on a microscopic object by mere change of the photon spin.
The dependence on P and R of the droplet velocity in the 'Bragg/anti-Bragg' case is shown in Fig. 5 . In this figure, the inverse of the characteristic time of the droplet motion, v B+AB /R, is shown as a function of total power P of one beam for various droplets. Our model gives
with c the speed of light in vacuum. Following Eq. (2), the best linear fit using θ B,ext as the only adjustable parameter (see dashed line in Fig. 5 ) gives θ B = 21.5
• (+1.9
• / − 1.9 • ). As emphasized by Eq. (2), a quantitative analysis in the twobeam experiments is more difficult than in the one-beam case since the fitting procedure involves additional parameters, namely η and w 0 . The beam waist is measured from direct imaging whereas the viscosity is taken from tabulated data (η = 2 mPa s) without measuring it for our actual aqueous glycerol solution. This could explain the difference of 6
• between the values of θ B obtained from one-beam and twobeam experiments. We conclude that our model gives an overall satisfying description of observations in the two-beam experiments as well.
IV. CONCLUSION
We have presented a quantitative experimental study demonstrating that optical radiation pressure can be fully controlled by the spin angular momentum of light, at fixed photon flux and incidence angle, in contrast to existing optical micromanipulation techniques. A straightforward anticipated application is the development of chiral optical sorting, which would bring enhanced functionality to optical chromatography. Nanoactuation driven by optical radiation pressure is another topic that may benefit from such a polarization control.
